ABSTRACT Egg white proteins provide essential nutrients and antimicrobial protection during embryonic development. Although various biological functions of major egg white proteins have been investigated via embryogenesis, understanding of global changes in low-abundance proteins has been limited. In the current study, a proteomic analysis of low-abundance egg white proteins was conducted using combinatorial peptide ligand libraries (CPLL), two-dimensional gel electrophoresis (2-DE), and matrix-assisted laser desorption/ionization-time-of-flight with two mass analyzers for tandem mass spectrometry (MALDI-TOF MS/MS) during the rapid embryonic growth period. Significant increases in the relative abundance of 88 protein spots (P ≤ 0.05), of which 47 spots were found to correspond to 10 proteins from 8 protein families were identified over 16 d incubation. During this developmental process, the protein concentration increased and the amount of albumin solid material decreased in the residual egg white. Clusterin precursors were observed over a wide range of pH values and the tenp protein increased continuously during embryonic development. Low-abundance proteins were identified in a comparison of optimal incubation conditions to the altered conditions of 2 control groups to better understand the function of these proteins in egg whites. Collectively, these findings provide insight into the supportive role of the egg white during embryonic development, enabling a broader understanding of chick embryogenesis.
INTRODUCTION
Egg white proteins form almost half of the protein content of fresh eggs are rich in biologically active substances, and play an important role in providing protection and nutrients to the growing embryo (Sugimoto et al., 1999) . During the early phase of embryonic development, many changes occur in composition of egg white proteins. Some proteins are converted to other embryonic proteins. For example, ovalbumin migrates from the egg white gel to the embryonic organs, changing its conformation and thermal stability (Cunningham, 1974; Sugimoto et al., 1999) . Another well-known egg white protein, lysozyme, completely loses enzymatic activity by the 17th d incubation (Jiménez-Saiz et al., 2014) . The concentration of conalbumin decreases gradually and is almost completely depleted after 7 d incubation (Cunningham, 1974) . During the rapid embryonic growth phase of incubation, which occurs between d 8 and 18, chicken embryos encounter many challenges as they reach structural completion around 14 d incubation (Moran, 2007; De Oliveira et al., 2008) . During this development, egg white proteins represent a substantial part of the reserve material for embryologic development, with albumin nutrient recovery largely commensurate with chick body assembly (Carinci and Manzoli-Guidotti, 1968; Moran, 2007) . While analysis of the minor egg components present during this phase of incubation has been limited, one study noted 8 low-abundance egg white proteins that underwent significant changes in abundance during embryogenesis (Qiu et al., 2012) . Further characterization of the changes in low-abundance egg white proteins during this period could contribute to understanding of the change of egg white gels in embryonic development. The significance of relative abundance increases seems to be more important than relative abundance decrease in studying on the process of comparative proteomic analysis. The major advantages of them were potential to be targeted as new biomarkers for animal disease or animal production.
High-throughput proteomic analysis involves a combination of two-dimensional gel electrophoresis (2-DE) and matrix-assisted laser desorption/ionization-time of flight with two mass analyzers for tandem mass spectrometry (MALDI-TOF MS/MS) for protein identification (Gygi et al., 2000; Desert et al., 2001; Raikos et al., 2006; Mann, 2007; Mann, 2008) . It can be combined with combinatorial peptide ligand libraries (CPLL), which enables characterization of changes that occur in low-abundance proteins. This CPLL approach has been used to compress the dynamic protein concentration range in egg white samples by decreasing the concentration of high-abundance proteins, thus enabling the capture of low-and medium-abundance proteins normally undetected due to instrumental limitations (D'Ambrosio et al., 2008; Boschetti and Righetti, 2009) . In the present study, these platforms were used to further characterize low-abundance proteins during the rapid embryonic growth phase by sampling chicken eggs at 7, 10, 14, and 16 d incubation. The ability to further characterize these low-abundance egg white proteins may enable the identification of valuable new disease or general health biomarkers in chickens, provide insight into human embryology due to chicks being used as human models, or foster pharmaceutical and biomedical applications (Liu and Hicks, 2007; Liu et al., 2013) .
MATERIALS AND METHODS

Egg White Sampling
This study was carried out in strict accordance with the recommendations listed in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All procedures involving embryos were approved by the Animal Care and Use Committee of Huazhong Agricultural University. Single Comb White Leghorn (40 wk age) hen-fertilized eggs (60 ± 0.5 g) from the same flock, which were laid within a 24-h window, were collected from the Poultry Research Center farm of Huazhong Agricultural University and incubated in 4 different conditions. There were 3 groups of experimental samples. The first incubation condition had forced air, a temperature of 38 ± 0.5
• C, and 65% RH (hatching group); the second incubator had a temperature of 38
• C, and uncontrolled humidity and air exchange (38 • C group); and the third at a temperature 20 to 21
• C (20 • C group) to be hatched according to the wild bird egg adaptability method (Haftorn, 1988; Conway and Martin, 2000) . Five biological replicates were randomly selected from each incubation condition after 7, 10, 14, and 16 d incubation, gently transferred into trays from their stationary positions (air chamber upright), and rapidly frozen at −80
• C for 24 h to preserve the low-abundance proteins until further use.
Protein Extraction and Combinatorial Peptide Ligand Libraries
Egg whites were carefully separated and gently homogenized for 35 min using a magnetic stirrer to reduce viscosity. Low-abundance proteins were enriched using a ProteoMiner Protein Enrichment Kit (Bio-Rad, Hercules, CA) according to the manufacturer's protocols for CPLL. Each spin column was activated with three 600-μL washes with PBS solution (150 mM NaCl, 10 mM NaH 2 PO 4 , pH 7.4) and centrifuged at 1,000 × g for 60 s. Samples were processed in triplicate, with 1,000 μL from 100 mL homogenated egg white added to each column and shaken for 3 h at room temperature. After incubation, samples were washed 3 times in PBS, followed by the addition of 600 μL deionized water. Each column was eluted twice with 300 μL elution reagent [8 M urea, 2% (wt/vol) CHAPS, 5% acetic acid].
Two-Dimensional Gel Electrophoresis Analysis
Two-dimensional gel electrophoresis analysis was performed according to the method described by Liu et al. (2013) . To prepare the samples for 2-DE analysis, 100 μL egg white homogenate was extracted with 1.5 mL ice-cold acetone containing 10% wt/vol trichloroacetic acid and 5 mM DL-Dithiothreitol (DTT). The samples were kept at −20
• C overnight, and resuspended in a 1.5 mL ice-cold acetone containing 5 mM DTT. This resuspension process was repeated 3 times. The final pellets were vacuum-dried and resuspended in 200 μL rehydration buffer (Bio-Rad). After adequately vortexing, the samples were centrifuged at 12,000 × g for 20 min at 4
• C. The supernatant was collected and the protein content was quantified using a 2-DE Quant Kit (GE Healthcare, Piscataway, NJ, USA) and a Smart Spec Plus spectrophotometer (Bio-Rad).
Proteins (100 μg) were separated by 2-DE analysis using IPG (immobilized pH gradient) strips (pH 4 to 7, 24 cm, GE Healthcare) and Ettan IPGphor 3 System (GE Healthcare) for the first dimension of isoelectric focusing and a 12.5% SDS-PAGE with the Ettan DALTSix System (GE Healthcare) for the second dimension as previously described (Omana et al., 2011) . Gels were silver-stained to visualize altered protein spots and analyzed using the Image Master v 7.0 program (GE Healthcare), followed by one-way ANOVA using the SPSS 13.0 statistical software (SPSS, Chicago, IL).
Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Two Mass Analyzers for Tandem Mass Spectrometry and Protein Identification
Stained gels were scanned and calibrated using a PowerLook 1100 scanner (Umax Technologies, Dallas, TX). Only those spots that showed significant (P < 0.05) and reproducible changes at either of the 3 study groups when compared to d 7 were considered to be differentially accumulated proteins in relative abundance. Candidate proteins were selected from 2-DE analysis by identifying proteins differentially regulated between time points within incubation conditions with a significance threshold of P ≤ 0.05. Mass spectrometry analysis was performed according to the method described by Liu et al. (2013) . The selected protein spots were manually excised from the gel, destained, washed, and digested with sequencing-grade trypsin (Promega, Madison, WI) prior to MALDI-TOF MS/MS analysis with a fuzzy logic feedback control system (Ultraflex MALDI-TOF-TOF mass spectrometer, Bruker, Karlsruhe, Germany). Proteins were unambiguously identified via searching the nonredundant sequence database (NCBInr) via the MASCOT program (http://www.matrixscience.com). The procedure of this proteomic analysis is shown in File S1 and the matched peptides sequences for all spots identified by MALDI-TOF MS/MS are shown in Tables 1 and S1 in Supporting Information, respectively.
RESULTS
Abundance Increased Proteins from Egg Whites during Incubation
Two-dimensional gel electrophoresis analysis comparing fertilized egg white samples from 10, 14, and 16 d incubation to a control (d 7) samples revealed a total of 88 significantly (P ≤ 0.05) differentially relative abundance increased protein spots (Tables 1  and S1 , Figure 1 ). Of the differentially relative abundance increased protein spots, 27 were detected on d 10 incubation, 26 on d 14, and 88 on d 16 (Figure 1 ; P ≤ 0.05).
A total of 14 protein spots were identified as ovalbumin, which makes up almost 54% of egg white proteins, and these spots (Spots 2, 3, 4, 19, 23, 26, 31, 32, 35, 38, 41, 43, 57 , and 81) exhibited much lower molecular weight (MW) than the theoretical value (42.9 kDa). They were considered to represent degraded ovalbumin fragments (Table 1 and S1). However, 4 of these identified ovalbumin spots (Spots 23, 31, 32, and 41) were less elevated in the 20
• C and 38
• C groups. Thirteen spots (Spots 29, 34, 36, 37, 40, 42, 45, 46, 48, 49, 51, 52, and 53 ) that significantly differentially relative abundance increases (P ≤ 0.05) were identified as clusterin precursors (Tables 1 and S1 and Figure 1 ). Ovoglobulin G2 (Spots 28, 74, 76, and 77), ovotransferrin (Spots 69, 70, and 72), ovalbumin-related protein X (Spots 66, 67, and 68), Hep21 protein precursors (Spots 82 and 83), ovoinhibitor (Spots 22 and 24), ovalbumin precursor (Spot 5), apolipoprotein D precursor (Spot 17), and olfactomedin-like protein 3 (OLFML3) precursor (Spot 71) also showed significant increases in protein abundance (Figure 2 ). Spots 18, 27, and 84 were not unambiguously detected.
Discrepant Changes in Protein Abundance on Different Days of Incubation
While some protein spots were significantly differentially relative abundance increased in both the 20 and 38
• C groups, this same trend was not seen in the hatching group. These spots were examined across d 7 to 16 of incubation to better understand their continuous relative abundance increases and the corresponding spots in the 88 identified proteins were compared. There were 18 protein spots on d 16 incubation at 38
• C ( Figure 1 ) and 15 protein spots on d 16 incubation at 20
• C (Figure 1 ). These were identified as the same proteins as those on the 47 protein spots on d 16 incubation in the hatching (Figure 2 ).
DISCUSSION
Alterations to proteins involved in metabolism can be triggered by a variety of factors (Gygi et al., 2000) . Changes in egg white proteins incubated at 20
• C can alter protein relative abundance in response to the incubation period, with less pronounced effects in the 38
• C group than in the hatching group. In this way, alterations in protein relative abundance noted in the nonhatching groups may be in response to stress and might suggest abnormal embryo development. The current study only focused on those proteins identified during normal embryo development and therefore likely played an important biological function during this period. These proteins identified were clustered into 8 protein families: the serpin family (ovalbumin, ovalbumin precursor, and ovalbumin-related protein X), the protease inhibitor kazal family (ovoinhibitor), the clusterin family (clusterin precursor), the transferrin family (ovotransferrin), the bacterial permeability-increasing protein (BPI) family (ovoglobulin G2 and tenp protein), the Urokinase plasminogen activator receptor (uPAR)/Ly-6 superfamily (Hep21 protein precursor), the lipocalin family (apolipoprotein D precursor), and the OLFML3 family precursor.
Serpin Family
The relative abundance increase of ovalbumin was represented by 2-DE analysis as 15 protein spots that were below 45 kDa and isoelectric point (i.e., pI) around 5.19. These were found to be associated with ovalbumin degradation fragments. The higher-order structure of egg white ovalbumin changes while migrating into the developing embryo (Sugimoto et al., 1999) . While residual ovalbumin was relative abundance increased, the process of ovalbumin migration from the egg white to embryonic organs is poorly understood. However, the natural overabundance of ovalbumin in eggs and interactions between ovalbumin and other hen egg white proteins give clues to the observed protein pattern (Ianeselli et al., 2010; Caubet et al., 2012) . The identified albumin proteins were present prior to incubation, with the ovalbumin detected as fragments, suggesting that degradation of these proteins into lower-MW peptides to may facilitate a more direct absorption by the embryo. Of the identified 14 ovalbumin spots, 4 (Spots 23, 31, 32, and 41) were also were found in the 20
• C groups. While these spots also represented ovalbumin degradation fragments, possibly showing a Table 1 . Spots indicating a statistically significantly differentially relative abundance increased protein are shown, with significant (P ≤ 0.01) findings in the 20 and 38
• C groups marked with asterisks. When no statistically significant differences were found (P > 0.1), they are labeled NS. Data are represented as mean intensity values ± SD from 3 replicates at each condition described in Figure 1 , as processed with Image Master v 7.0 software. Statistical significance was determined based on a one-way ANOVA (I ≤ 0.05).
conserved binding mode for ovalbumin polymers, the protein spots were farther away from the spots seen under normal embryonic development in the pI dimension. One ovalbumin precursor (Spot 5) was only identified on d 16 in the 38
• C hatching condition, suggesting that more than one ovalbumin conformation is in play during development, yet manifest in a more directed fashion than those noted under different incubation conditions (Messer et al., 1986) . A more extensive analysis of this degradation and the generated fragments may provide insight into degradation pathways and functional domains relevant to embryo development.
Ovalbumin-related protein X (Spots 66, 67, and 68) belongs to the serpin family and ov-serpin subfamily, and functions as part of the serine-type endopeptidase inhibitors (Réhault-Godbert et al., 2013) . Previous studies examining fresh egg whites also identified 3 ovalbumin-related protein X spots via 2-DE analysis and found them indistinguishable from ovalbuminrelated protein Y, with these findings consistent among 6 different egg varieties (Guérin-Dubiard et al., 2006; Wang et al., 2012) . These finding are consistent with the perfect sequence homology seen between the ovalbumin gene X sequence (P01013) fragment and the ovalbuminrelated Y protein (XP 418984). However, the 2-DE ovalbumin-related protein X positions in the present study were not consistent with previously reported locations, and these proteins were only significantly upregulated in developing chicken egg whites. Currently, there is no known interaction between ovalbumin-related protein X and ovalbumin-related protein Y, with little known regarding the ovalbumin-related Y protein polymorphism. However, it has been suggested that these proteins partake in other protein interactions and are possibly glycosylated during development, possibly contributing to the higher pI that was noted (Hirose et al., 2006) .
Kazal Protease Inhibitor Family
One of the most important members of the Kazal protease inhibitor family is the ovoinhibitor (Scott et al., 1987) , which is one of the major proteins found in hen egg whites. The present study identified 2 ovoinhibitors (Spots 39 and 54) that were significantly relative abundance increased only upon hatching on d 16. A previous study identified 9 ovoinhibitor spots via 2-DE analysis (Guérin-Dubiard et al., 2006) , with the spots identified in the present study localized to the previously published locations. However, with the exceptions of Spot 39 (30 kDa, pI 5) and Spot 54 (34 kDa, pI 7), these protein spots were significantly (P < 0.01) relative abundance decreased. Their locations deviated from the predicted 2-DE location and they were not observed in the control groups.
Previous studies have reported that ovoinhibitors are upregulated in chicken egg whites and seem to have at least 5 active inhibitory domains: 2 for trypsin, 2 for chymotrypsin, and one for elastase (Moran, 2007; De Oliveira et al., 2008; Bourin et al., 2011b; Qiu et al., 2012; Wang et al., 2012) . Due to the high content (5 to 10%) of carbohydrates containing N-glycoside bonds, differences in ovoinhibitors can be attributed to posttranslational carbohydrate moiety modifications . Ovoinhibitors have been reported to possibly regulate the proteolytic degradation of egg yolk proteins during embryonic development (Bourin et al., 2011a) . The uncommon 2-DE location of the ovoinhibitor in the present study (Figure 1 ) may suggest a possible regulatory function related to protease binding and/or relate to absorption by the embryo.
Clusterin Family
Clusterin is a ubiquitous and highly conserved secreted glycoprotein thought to participate in a variety of biological processes, such as lipid transport and sperm maturation, regulation of the complement cascade, apoptosis, membrane recycling, and possibly other pathways (Mahon et al., 1999) . Previous studies have found clusterin to be relative abundance decreased in fertilized egg whites after 7 d incubation and the remaining depleted through hatching (Omana et al., 2011) . In the present study, a total of 13 protein spots (Spots 29, 34, 36, 37, 40, 42, 45, 46, 48, 49, 51, 52 , and 53) were detected as clusterin precursors and were significantly (P < 0.01) relative abundance increased upon hatching on d 16. Among these protein spots, 5 spots were identical to those noted on d 7, and 8 spots (Spots 42, 45, 46, 48, 49, 51, 52 , and 53) showed a continuous elevation through hatching on d 16, representing more widespread 2-DE locations than that of d 7. Previous studies have found that fertilized egg whites kept breathing at 38
• C showed an increased viscosity, protein aggregation, and decreased water content. Egg white protein aggregation was prone to acceleration without the regulatory system of the developing chicken egg. Therefore, it is possible that clusterin plays an important role in preventing the aggregation of proteins during the hatching period (Mann et al., 2003) .
Some cells die during storage. However, cells are probably able to initiate mitosis even when eggs are stored below their physiological zero (20 • C) (Reijrink et al., 2008) . Clusterin has been associated with apoptotic events, and chicken clusterin may serve as a tracer for follicular atresia and resorption during development. Although Spots 29, 36, 37, 40 , and 42 were located in close proximity to the theoretical pI (5.47) of the clusterin area, their MWs were lower than the theoretical MW (51.3 kDa). Although clusterin was identified in both the 20 and 38
• C groups (Spots 29, 42, 45, 46, 48, 51, 52 , and 53), its relative abundance was only significantly higher than that of usualyin the 20
• C group, possibly due to the ability of clusterin to bind other proteins at a physiological temperatures (Mahon et al., 1999) .
Transferrin Family
Three protein spots (Spots 69, 70, and 72) belonging to the transferrin family were identified and significantly increased in abundance on d 16. The transferrin identifications were interesting not only because of their unexpected 2-DE locations, but also because of the types of transferrin identified, including aluminumbound ovotransferrin (Holo ovotransferrin, Spot 69), Apo ovotransferrin (Spot 70), and ovotransferrin BC type (Spot 72). While the present study found ovotransferrin BC type to have a relatively low MW (≈55 kDa) and a pI of 6, another study identified this same protein in a different 2-DE location on d 7 incubation (Qiu et al., 2012) .
Ovotransferrin is not classically a low-abundance egg white protein. One of its most important functions is iron transport. Previous studies first identified Holo ovotransferrin on d 16 incubation, with ovotransferrin and chicken serum transferrin expressed by the same gene and only differing in their carbohydrate moieties (Kurokawa et al., 1999) . Moreover, ovotransferrin can be Al 3+ -bound or Fe 3+ -bound, which while structurally similar, provides 2 possible functional capacities (Mizutani et al., 2005) . Therefore, ovotransferrin may directly migrate into the chicken embryo to transport iron during the rapid period of embryonic growth. Additionally, these spots were not identified in the 20 or 38
• C groups at d 16, suggesting that the biological function of ovotransferrin may persist during embryonic development until depletion.
Bacterial Permeability-Increasing Protein Family
Five BPI family protein spots were significantly relative abundance increased on d 16 (P < 0.01). However, Spots 28, 74, 76, and 77 were indistinguishable and were collectively identified as ovoglobulin G2 Type AB, Type BB, or Type AA. The previously reported MW of both ovoglobulin G2A and G2B were 47 ± 2 kDa (Stevens and Duncan, 1988) . This was consistent with Spots 74, 76, and 77, while Spot 28 was location from the rest and exhibited a lower MW. The most interesting protein from the BPI family found in our study was Spot 28, which exhibited a lower MW and higher pI than previously reported (Guérin-Dubiard et al., 2006) . This characteristic of the ovoglobulin protein spots identified in the current study, in conjunction with their 2-DE locations, further supports the validity of the identification made here and is consistent with similar findings regarding the 2-DE location of the tenp protein (Guérin-Dubiard et al., 2006) .
Ovoglobulin G2 is one of the minor proteins in fresh hen egg whites (Qu et al., 2012) . It is primarily added after the egg is enveloped by the shell membrane (Hughes and Scott, 1936) . However, protein Spots 74 and 75 could not be identified by MS/MS on d 7, while the relative abundance of Spots 76 and 77 significantly (P < 0.01) increased from d 7 to 16 (Figure 2) . Additionally, neither relative abundance increases of these 2 ovoglobulin G2 proteins were found in the 20
• C group on d 16.
Chicken egg white ovoglobulin G2 corresponds to the protein product of the tenp gene, with Spot 75 identified as a tenp protein, and it is transiently expressed in the neural systems of chickens (http://www.ncbi.nlm.nih.gov/protein/BAM13275.1). Furthermore, there was no increase in the relative abundance of the tenp protein between d 7 and 16 in either the 20 or 38
• C group (Figure 1 , Tables 1 and S1 ). A previous study found that tenp may be involved in an early neurogenic event that exists transiently after terminal mitosis, possibly explaining the increase noted on d 16 in the present study (Yan and Wang, 1998) . During the rapid embryonic development period, oxygen demands increase and the eggshell becomes more porous to enable gas exchange (Tullett and Deeming, 1982) . This change in eggshell porosity may facilitate the transfer of temp, a membrane protein (Yan and Wang, 1998) , from the egg shell to the egg white.
uPAR/Ly-6 Superfamily
The existing literature reports about Hep21 precursor are limited. Hep21 precursor was significantly relative abundance increased (Spots 82, 83, and 84; P < 0.01) in fertilized hen egg whites on d 16. The relative Hep21 was as a member of the uPAR/Ly-6 family. Hep21 is not a newly identified but rather a longestablished member of the uPAR/CD59/Ly-6/snake toxin family, although none of the known members of this protein group have been localized to a specific tissue. Hep21 is likely glycosylated, thus explaining the presence of multiple spot locations (Nau et al., 2003) . Hep21 mRNA is expressed in all segments of the oviduct, including the shell gland (egg-shell calcification place). It has been reported that egg white proteins are included in the eggshell membranes and that calcified layers make up the eggshell generating process (Hincke et al., 2000; Gautron et al., 2001) . It is here speculated that the Hep21 precursor identified on d 16 was secreted locally by all of these tissues to be incorporated in the egg white and also into the calcified part of the shell. The biological activity of Hep21 precursor is still unclear, possibly due to the diverse spectrum of activities of the multifunctional uPAR/CD59/Ly6/snake toxin family.
Lipocalin Family
Apolipoprotein D was first characterized in the yolks of rapidly growing chicken oocytes (Vieira et al., 1995) .
It has an MW ≈29 kDa and associates preferentially with plasma lipoproteins. It has been postulated that apolipoprotein D may play a role in lipid transport from the plasma to oocytes or in mobilization during embryogenesis in oviparous species, or both (Ordóñez et al., 2012 ). An apolipoprotein D precursor (Spot 17) was identified in hen egg whites in the hatching group on d 7, 10, 14, and 16 and also in the 2 control groups, but the relative difference in protein abundance between 20
• C and two 38
• C groups was not significant on d 16. Further research into lipid transport during the rapid embryonic growth period is still necessary.
Olfactomedin-Like Protein 3 Family
The olfactomedin family is a relatively newly discovered class of extracellular proteins, with Spot 71 identified as an OLFML3 precursor (olfactomedinnoelin-tiarin factor 1). Two members, noelin and tiarin, enhance neural crest generation in the chick and promote dorsal neural specification in the Xenopus, thus playing a role in early ectodermal tissue development (Sakuragi et al., 2006) . The function of OLFML3 is to stabilize axial formation by restricting chordin activity on the dorsal side. It acts by facilitating the association between the tolloid proteases and their substrate, chordin, leading to the enhancement of chordin degradation (Tomarev and Nakaya, 2009) . This is the first report of an OLFML3 precursor being associated with hen egg whites, with previous studies showing that the potential roles of neurotrophins at the neuromuscular synapse are evolutionarily conserved (Ip et al., 2001) . Additionally, free amino acids are utilized by embryonic tissues via routes similar to those found in adult tissues and could possibly account for the requirements of organismal protein synthesis (Carey, 1964) . This protein is probably involved in the transfer and incorporation of existing amino acids from the egg proteins into embryonic tissue during the process of chick development.
CONCLUSIONS
The results of our 2-DE based proteomic analysis suggest that the overall number of protein species present in egg whites during rapid growth embryonic development increases. A total of 88 differentially relative abundance increased protein spots, representing 47 proteins from 8 protein families, were identified in d 16 compared to d 7. A wide range of degraded ovalbumin proteins were observed in residual egg whites when ovalbumin migrated into the developing embryo blood. Some differences in protein abundance were noted between the hatching group and the 20 and 38
• C groups concerning ovalbumin-related protein X, clusterin precursor, ovalbumin precursor, ovoglobulin G2, hep21 protein precursor, tenp protein, and ovotransferrin after 2-DE analysis. Notably, 2 protein families, the uPAR/Ly-6 superfamily and OLFML3 family, were identified in the egg whites and are of particular interest due to their suspected role in nervous system development. Three proteins were still unknown and we are unsure whether their changes were related to the development of chicken embryo.
While further investigation is necessary to clarify these observed discrepancies, the identification of these low-abundance proteins further contributes to an understanding of egg white alterations during the embryonic growth period. Some of these novel low-abundance proteins may be used as disease biomarkers and for prognosis (Schneitz, 2005; Molenaar et al., 2013) . Furthermore, studies on egg whites at the proteomic level may be beneficial to explain the efficacy of the competitive exclusion treatment employed in chicken farming (O'Reilly et al., 2012) .
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